We present a new model for the dynamic behavior of the kink effect in InAlAs/InGaAs HEMTs. The model suggests that the kink is due to a threshold voltage shift which arises due to hole pileup in the extrinsic source and an ensuing charging of the surface. The model is incorporated in a simple equivalent circuit, which explains well the DC characteristics of the kink, its time evolution in the nanosecond range, as well as its dependence on illumination.
I n t r o d u c t i o n
There is continuing interest in the origin and consequences of the kink effect in InAlAs/InGaAs HEMTs. The kink is associated with reduced gain and excess noise at high frequencies. While there is mounting evidence that the kink might be associated with impact ionization and a resulting hole pile-up somewhere in the device, traps are generally invoked to explain the light sensitivity and dynamic behavior of the kink
We have recently carried out a systematic study of the kink, including detailed DC characterization [3] , sidegate measurements [4] , and large-signal transient measurements with nanosecond resolution [5] . In this work, we have performed all these measurements as well as light sensitivity measurements, all on the same set of devices. We show that all our experimental results can be explained by an impact-ionization based model where hole pile-up at the source shifts the threshold voltage of the device. This has allowed us to develop the first dynamic physical model and a complete equivalent circuit for the kink in InAlAs/InGaAs HEMTs.
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M o d e l
We and other workers [3,6] have previously suggested how the kink may arise due to an accumulation of i.i. generated holes in the extrinsic source and an ensuing reduction of the source resistance (Rs). However, Rs reduction is not sufficient to explain the kink effect, especially in high performance devices and close to threshold, where there is little voltage drop on the extrinsic source. Some other effect must be present.
The mechanism we suggest is outlined in Fig. 1 . An ideal device with a perfect insulating buffer is considered; the device is biased in the saturation regime. To understand the mechanism, we consider how the kink evolves as a function of time if impact ionization is instantaneously "turned on" at t = 0. When impact ionization is first turned on, holes are generated in the high-field drain region of the channel. While some of these holes escape through the gate, many of them flow back through the channel of the intrinsic device into the extrinsic source, where they accumulate in the channel [3, 6] . These holes reach quasi-equilibrium within the channel at the source in about a recombination lifetime (Fig. lb) .
Reaching,epuilibrium with the surface takes a longer time. The bending of the hole quasi-Fermi level in the insulator requires a small hole current to the surface, which slowly changes the surface charge and raises the potential of the channel [6] . This change in channel potential does result in a reduction in source resistance [6] , but also results in a change of the intrinsic device's threshold voltage (Fig. 2) . To first order,
where po is the "pre-kink" hole concentration in the region next to the source, and p' is the excess hole concentration there, which is linearly related to the impact ionization rate.
Given this insight, we can model the behavior of the kink with a simple equivalent circuit ( model. The model consists of an impact ionization current source, a channel diode with unity saturation current, and a surfaceto-channel diode and capacitance. Three fitting parameters are needed: A and B in the impact ionization current source, and D , which relates the small signal resistance of the channel surface diode to the impact ionization rate (see text). Also included (in gray) is a bias-independent photogeneration current, Egopi, which describes the illumination dependence of the kink.
impact ionization, hole accumulation, and a Boltzmann-type relationship relating potential to hole accumulation. It is important to note, though, that the detailed physical origins of the kink in the two models are significantly different -in partially-depleted SOI, the kink arises from forward biasing the source-body junction [8] , whereas in this model, the kink is a result of hole accumulation in the extrinsic source and the ensuing modification of the surface-channel potential and electron concentration beneath the source end of the gate. While this difference has no impact on the form of the model, it is an important consideration when one attempts to engineer away the kink -if the kink is due to a floating body effect, one might try to suppress it by introducing an Also shown are results from the equivalent circuit model shown in Fig. 3 . Only three bias-independent constants are required to fit the kink for all the times considered. T = 300 K. additional barrier in the valence band beneath the channel, or by increasing the resistivity of the buffer. On the other hand, if hole pile-up in the extrinsic source causes the kink, approaches such as passivating the surface in the source gate region (thereby relaxing Fermi level pinning) or introducing a hole barrier in the insulator might be more appropriate.
Dynamic Effects
In order to test this model, we have carried out a systematic set of measurements on InAlAs/InGaAs HEMTs fabricated at MIT. The devices have LG = 1.2 p m and 2 ,um .
These long gate lengths are advantageous to study the kink, as the devices have little intrinsic output conductance. DC and sidegate measurements yielded results similar to [3] and are consistent with the new model. Transient measurements were taken using a pulsed IV setup described elsewhere [5]; these measurements allow us to track the time evolution of the kink throughout the ID-VDS plane. As can be seen in 9.6.2
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Figs. 4 and 5, the model does an excellent job of describing the kink from its early stages, in which the kink is almost non-existent, through its appearance first at high V D S , and to its later appearance at low VDS. Note that A and B can be determined by the DC and sidegate measurements, so that only one additional parameter, D , is used to describe the complete time evolution of the kink.
-These results are more impressive when one considers the frequency dispersion of the output conductance (Fig. 6) . Such dispersion has been previously reported [2] , and is generally associated with traps. Our model makes it clear that the frequency dispersion of the kink can be explained without invoking particular trap characteristics.
Illumination
Our model also explains the light dependence of the kink (Figs. 7 and 8 ) [1, 7] . Were we have measured the device's output characteristics and transfer characteristics under different levels of illumination with white light at T = 300 K, where the kink is better defined. As can be seen, under illumination the kink weakens. Furthermore, the pre-kink current rises under illumination, while the post-kink current changes very little. While this is typically associated with photons emptying trap levels, the behavior is also consistent with a change in the pre-kink hole concentration due to photo-generation, an alternative source of holes [7] .
Our model predicts that such optically-generated holes would have the same effect as holes generated by impact ionization -they will accumulate in the extrinisc source, and gradually modify the potential of the channel, yielding a threshold voltage shift as well as a small decrease in the source resistance as suggested by Suemitsu [6] . Both of these effects can be seen in our experiments (Fig. 8) . Furthermore, we expect the VT shift to be logarithmic in the number of excess holes. Under illumination, we expect
(4)
where gopt is the optical generation rate and E is a constant relating the generation rate to the hole concentration in the extrinsic source. As can be seen in Fig. 9 , AVT is well-described by such an expression. Thus, it should be possible to model the output conductance both with and without illumination simply by adding a bias-independent current generator to our equivalent circuit model (see Fig. 3) , where the value of the current is proportional to the optical generation rate. Indeed, as shown in Fig. 10 , the addition of such a circuit element allows us to model both the light and dark kink output conductance using identical impact ionization parameters. Finally, our model explains many of the other observed dependencies of the kink. The sensitivity of the kink to surface treatments and gate recess can be understood in terms of the surface pinning condition -as Fermi level pinning at the surface is relaxed due to a reduced number of mid-gap traps, the kink disappears [6] . Similarly, the extension of the recess on the source side of the gate will obviously change the strength of the effect, as has been seen in simulations [6] . The model also explains the observed weakening of the kink with increasing temperature [1,3] through the strong Tdependence of PO. 
Conclusions
In conclusion, we have presented a new physical model for the kink effect in an InAlAs/InGaAs HEMT which explains the kink's DC characteristics, pulse characteristics in the nanosecond range, and its dependence on illumination, surface passivation, and temperatuqe. The physical model is easily captures in an equivalent circuit model which works well for a wide range of ti&e scales and biases. 
